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FOREWORD

This final report for the Integral Launch and Reentry Vehicle ({ILRV) Study, conducted
under Contract NAS9-9206 by Lockheed Missiles & Space Company under direction of
the NASA Marshall Space Flight Center, is presented in three volumes. Volume I,
Configuration Definition and Planning, contains results of the preliminary cost anal-
yses, conceptual design, mission analyses, program planning, cost and schedule
analyses, and sensitivity analyses, accomplished under Tasks 1 through 6. Volume IT
covers Task 7, Technology Identification; and Volume III contains results of the

Special Studies conducted under Task 8.

Principal LMSC task leaders and contributors in performance of this study include:

Systems Integration T.E. Wedge Primary Engines A J Hief
System Synthesis J.E. Torrillo Propulsion L. L. Morgan
Mission Analysis D.W Fellenz Integrated Avionics J J. Herman
Design G. Havrisik Safety J.A. Donnelly
Cost J. Dippel Structures P.P. Plank
Schedule W James Thermodynamics F. L. Guard
Test R.W. Benninger Aerodynamics C. F. Ehrlich
Operations K. Urbach Weights A. P. Tilley

The three volumes are organized as follows:

Volume I - Configuration Definition and Planning

Section

Introduction and Summary

System Requirements
Configuration Summary

Vehicle Design

Performance and Flight Mechanics
Aerodynamics
Aerothermodynamics

Structures and Materials
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Propulsion

iii

LOCKHEED MISSILES & SPACE COMPANY



LMSC-A959837

Appendix A Drawings
Appendix B Supplemental Weight Statement

10 Avionics

1 Crew Systems

12 Environmental Control System
13 Reliability and Maintainability
14 System Safety

15 Operations

16 Test and Production

17 Cost and Schedules

Volume II - Technology Identification

Section

Introduction and Summary
Propulsion System Technology
Aerodynamics Technology
Aerothermodynamics Technology
Structures Technology

Avionics Technology

Bioastronautics Technology

0 =~ O U B W N

Technology Development Program

Volume III - Special Studies

Section
1 Introduction
2 Propulsion System Studies
3 Reentry Heating and Thermal Protection

Appendix A Rocket Engine Criteria for a Reusable Space
Transport System

4 Integrated Electronics System

5 Special Subsonic Flight Operations
Appendix B Summary of Electronics Component Technology (1972)
Appendix C Requirements Definition Example (Propulsion)
Appendix D Application of BITE to Onboard Checkout

iv
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Section 1
INTRODUCTION AND SUMMARY

In compliance with Task 7 (Technology Identification) of the ILRV study,
technologies that are pertinent to the development of the Space Shuttle system
have been identified.

These key technologies, presented in this separate volume for utility, are
briefly summerized below and described in greater depth in Sections 2 through
T. Technology program schedules and cost estimates are summarized in
Section 8.

1.1 PROPULSION SYSTEM TECHNOLOGY

A mejor portion of the propulsion gystem technology recommendetions are directed
at the oxygen/hydrogen integrated reaction control system. Technology advance-
ments are necessary for development of the thrusters, propellant feed systems,
and propellant orientation system for the oxygen/ hydrogen reaction control
system. Another technology program recommendation of major importance is the
oxygen/hydrogen auxiliary power unit development. This program would require
the development of a rather large oxygen/hydrogen turbine-driven unit.

Leakage detection and location, conasidered to be a major problem in the Space
Shuttle propulsion systems, entails an advancement in techniques. Major
weight savings vere identified in the elimination of residual propellants
through improved instrumentation.

A detailed investigation to determine the desireblility of and problems related
to the development of hydrogen-fueled, alrbreathing engines is also recommended.

1.2 AERODYNAMICS TECHROLOGY

Although the eserodynamic effort required to develop the proposed Space Shuttle
will be considerable, the basic aerodynamic technology exists. The items

1l-1
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expected to represent major development effort are subsonic vehicle develop-
ment, subsonic analytical techniques, hypersonic viscous effects on vehicle
performance and control, plumeinduced phenomena, composite launch vehicle
interference effects, and staging and abort feasibility studies. In addition,
tasks more common to existing airplane and missile systems will be exercised.

1.3 AEROTHERMODYNAMICS TECHNOLOGY

Listed below are key technology issues. related to prediction of aerodynamic
heating distributions and resulting surface temperatures:
o Prediction of flow field and laminar and turbulent heat transfer
distributions (Wind tunnel tests should be conducted to resolve

the discrepancies among various flow field and heating prediction
techniques.)

o Prediction of boundary layer transition (Experimental boundary
layer transition studies should be conducted for each candidate
configuration,)

Evaluation of heat transfer lncrease due to surface irregularities

Evaluation of location and heat transfer increases assocliated with
shock wave/boundary layer interactions

o Prediction of base heating rates (Scale model tests of the booster/
orbiter configuration employing nozzle hot flow could provide
necessary convective and radiative heat transfer design data.)

1.k  STRUCTURES TECHNOLOGY

The development of technology relating to vehicle structure is fundamentsal to
all development approaches for the Space Shuttle booster and orbiter. The
driving functions for low structural weight are thermal protection systems
and efficient propellant packaging. Consequently, primary technology areas
requiring additional investigation or basic research are reusable thermal
protection systems (which can maintain their orbital thermal properties) and
their interfaces and efficient joining techniques, along with adequate
analytical methods.

Specific areas discussed in this volume under Structures Technology include
materials; thermal protection systems; Jolning methods; movable elements in

1-2
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a high-temperature environment, such as control surfaces; structural mechanics
analysis; cryogenic technology (particularly reusable insulation development
like “breathing" multilayer systems); and orbital vehicle surface thermal
properties.

1.5 AVIONICS TECHNOLOGY

Avionics requirements for the Space Shuttle do not indicate the need for a
breakthrough in technology; however, improvements in technology are required
to achieve the objective of a low-cost transportation vehicle. Integration
of the avionics functions is the primary technique to be used in significantly
reducing system weight, power, and cost.

The two most challenging areas are in the development of survivable antennas
and a link for communications via a relay satellite. Both maey require
advancement in the state-of-the-art.

The technology plan will require an extensive simulation test program, both
ground and airborne, to validate design integrity of the integrated system.
These tests should occupy the span from mid-1970 through 1971. It would be
desirable to introduce critical Space Shuttle commnications equipment on
the AAP/ATS-F relay link experiment to provide experience and confidence in
the design early in Phase D of the shuttle development program.

1.6 BIOASTRONAUTICS

1.6.1 ECS/LSS Technology

Seven environmental control/life support system technology areas have been
identified as being desirable for expansion or refinement to meet the needs

of the Space Shuttle. These are radiator design, noise control, chemical
oxygen systems, waste management and personal hygiene, reusable ECS, multimode
ECS, suit-loop elimination, and equipment temperature control system design.
It is recommended thet future development of these items be considered.

1-3
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1.6.2 Crew Systems Technology

Technological problems that must be solved in the course of developing an
effective and reliable crew system for the Space Shuttle have been identified.
These study areas include a determination of vehicle flying qualities by
simulation techniques, assessment of crew visibility requirements for various
umission phases along with empirical evaluations of alternmative visibility
provisions, development and evaluation of candidate crew safety and escape
features for crew and pessengers, assessment of crew worklocad distribution
and validation of the ability of the specified two-man crew to accomplish all
assigned mission activities, and human factors effectiveness evaluations of
novel integrated display concepts to allow the crew to exercise a manual
override and takeover function.

1-k
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Section 2
PROPULSION SYSTEM TECHNOLOGY

When the evaluation of the propulsion system was initiated, there was con-
siderable concern regarding the reusability of components. Evaluations were
made on the basis of a considerable quantity of information obtained from
studies of existing hardware produced in the Reusable Subsystems Design/
Analysis Study (Reference 2-1). The general conclusion was that a large
percentage of the components have sufficient inherent lifetime for a number
of flights. Some of the components that are most likely to entail lifetime
problems are the following:

Check wvalves
Instrumentation, such as liguid level devices
Attitude control thrusters

Integrated attitude control components, such as pumps, check
valves, and heat exchangers

It was concluded that some of the more conventional problems, such as
contamination and corrosion, would be major factors influencing reussbility.

Advancements in technology considered necessary or desirable are discussed
in the following paragraphs.

2.1 OXYGEN/HYDROGEN ATTITUDE CONTROL SYSTEM THRUSTERS

As indicated in the description of the oxygen/hydrogen attitude control
system in Volume I of this report, lLockheed has determined that two levels
of thrusters are desirsble to reduce the propellant requirements for limit
cycling. These thrust levels appear to be approximately 100 pounds and
3,000 to 4,000 pounds, respectively. The upper thrust level is highly
dependent upon the present ground-rule requirements for acceleration of up
to 1.5 ft/sece.

Minimum impulse bit is an important consideration in the development of
the thrusters.

2-1
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Only very little development has been accomplished on oxygen/hydrogen
attitude control and other cryogenic thrusters. A summary of some of this
work is presented in References 2-2 through 2-12.

It is recommended that a program be initiated to evaluate the engineering
design problems associated with the gaseous oxygen/hydrogen thrusters and
to conduct the necessary component tests on ignition systems, cooling,
valving, and materials to develop the required response time and service
life.

Prototype thrusters should be fabricated.

2.2 OXYGEN/HYDROGEN ATTITUDE CONTROL PROPELLANT FEED SYSTEM

The oxygen/hydrogen attitude control feed system, described in Volume I

of this report, represents a relatively complex cryogenic system for
increasing the pressure and converting cryogenic liquids to gas. The
number of components in this system and the possible approaches indicate
that several major alternate development paths should be followed to assure
the success of the progran.

Systems using oxygen and hydrogen have not been previously studied, so it
is recommended that several technology programs be pursued to develop
alternate approaches to integrated attitude control feed systems. The
emphasis should be to fabricate and test various design concepts on liquid
and gaseous pumping, gas conversion, and duty-cycle effects. The systems
should be developed at approximately the required sizes to allow a rapid
development of flight hardware suitable for space shuttle application.

2.3 FROPELLANT ORIENTATION FOR ATTITUDE CONTROL SYSTEM PROPELLANTS

The attitude control system as conceived by LMSC should operate with liquid

propellant fed from the main propellant tanks. There should be a minimum of
two-phase flow to prevent instability in the feed system. (The use of

residual gas rather than liquid from the main tanks is believed to

represent even more difficult problems in propellant orientation, i.e.,

the problem of keeping liquid from being vented.) The propellant

2=2
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orientation system in the main tanks must be capable of being refilled and
must supply propellants at relatively high rates.

Prior programs related to propellant orientation devices are presented in
References 2-13 through 2-31.

A program is needed to analyze propellant orientation system approaches,
to perform the necessary engineering designs, and to construct and test
model hardware. Required testing should be performed under low-g (drop
towers and orbital experiments), progressing to the compilation of design
information that can be used to design hardware suitable for Space Shuttle
application.

2.4 LEAKAGE DETECTION TECHNIQUES

Leakage detection and the monitoring of leakage rates will be an important
aspect of reusable vehicle operation and checkout. The complex sub-
systems will make these measurements extremely difficult. Improvements in
detection and measurement must be developed.

Previous leakage studies are presented in References 2-32 through 2-36.

Approaches to determining the existence, location,and rates of leakage in
reusable vehicle propulsion subsystems should be investigated. Evaluations
should be conducted with advanced detection techniques, such as the use

of krypton 85 gas.

The tests should be conducted on simulated mockups of the propulsion sub-
system lines and valves.

2.5 REDUCTION OF RESIDUAL PROPELLANTS

Improvements in the overall propellant management system are required to
reduce the penalties entailed by residuals. Instrumentation required
increases confidence in the propellant utilization and reserves.

2-3
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Specific technology in this area has not been developed under an integrated
program. Related efforts are discussed in References 2-37 through 2-hbh.

The purpose of additional effort in this area should be to devise techniques
and instrumentation to minimize residuals. Scale-model testing and inter-
mediate size testing 1s considered essential, and a cryogenic vacuum flight
simulator is required.

2.6 OXYGEN/HYDROGEN AUXILIARY POWER UNITS

The described auxiliary power supply system utilizes the rocket engine and
the Jjet engines to supply power whenever these engines are operating.
During reentry, the power requirements are relatively high; so an auxiliary
pover unit is required. The logical energy source for this unit is oxygen
and hydrogen.

There has been only limited effort concerned with development of oxygen/
hydrogen turbines of the size required for auxiliary power units, and these
efforts have been only of a feasibility nature. Therefore, engineering and
development programs are needed to produce suitable oxygen/hydrogen
auxiliary power units of the required power output.

2.7 HYDROGEN-FUELED AIRBREATHING ENGINES

Airbreathing propulsion systems are likely required to fulfill flyback,
ferry, and go-around capabilities. Comparisons are shown in Volume I
regarding the propulsion system weight requirements as a function of
subsonic cruise duration. These studies indicate the possibility of
reducing the required weights by employing hydrogen as the fuel for the
engines. This would require storage of the liquid hydrogen in the
atmosphere; and this introduces a number of cryogenic storage problems, as
well as engine development considerations.

Some development work has been performed with a goal of employing liquid
hydrogen-fueled engines for military and commercial applications. However,
in light of the magnitude of a program related to the development of a

2-4
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hydrogen-fueled engine, it is recommended that a detailed investigation be
made of the related problems and a development progrem planned prior to the
initiation of hardware development.

The technology study should include investigation of the various tradeoffs
associated with the employment of a hydrogen-fueled engine, including such
factors as propellant storage, fuel consumption, engine design, and risk
assessment. The recommendations from this program should then be evaluated
to determine whether a hydrogen engine program is Jjustified.
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Section 3

AERODYNAMICS TECHNOLOGY

The aerodynamic effort required to develop the Space Shuttle system will
be considerably greater than that for existing mamned lifting-body
vehicles. Since the basic aerodynamic technology has already been
developed, emphasis here is placed on the aerodynamic tasks for which a
major development effort is anticipated. Nevertheless, the more classical
problems shall not be overlooked.

One of the significant requirements is an accurate substantiation of
aerodynamic characteristics of the orbiter, the return booster and the
composite launch configurations over the subsonic through hypersonic

speed regimes.

A major portion of the system study effort should be concentrated on the
subsonic speed regime, where performance, stability, and handling
characteristics are particularly important. For example, assessment of

the effects of auxiliary 1landing aids, such as jet engines, and the
problems of self-ferry is necessary to the development of a subsonic cruise

vehicle capable of airplane-type operation.

Reliable theoretical or empirical techniques for predicting low-speed
aerodynamic characteristics of the arbitrary body shapes being investigated
for the Space Shuttle are noticeably absent. Consequently, there is
currently a heavy reliance on subsonic data from experimental sources,
particularly wind tunnel facilities. Also, there are no reliable solutions
for iterating configuration variables without costly and time-consuming
experimental investigation] so theoretical/analytical methods must be
developed to provide this capability. As always, such methods must be
substantiated in wind-tunnel investigations and finally in full-scale
flight.

A wide spectrum of hypersonic entry attitudes investigated have ranged from
L/Dpax to CLpax (15 and 55 degrees angle of attack, respectively). An
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existing IMSC computerized technique for analyzing hypersonic arbitrary
bodies appears to be sufficiently accurate as an engineering tool. The
viscous effects associated with this speed regime cannot be accurately
predicted from scale model testing, so considerable verification will be
required in flight testing to assess these viscous effects on vehicle

performance and controllability.

Flow separation, induced from rocket exhaust pluming, can seriously
affect the hypersonic aerodynamic characteristics. Synergetic plane
change requirements,cross-range capabilities, etc., make a method for
accurate assessment of rocket plume effects essential. Unfortunately,
minimal information is available on this subject; however, recent interest
has prompted some investigation. OConsiderable wind tunnel testing will

be required.

A comprehensive aerodynamic study of the launch configurations will be
required. The orbiter and booster composite arrangement may produce
extensive regions of aerodynamic uncertainties, particularly in regard
to flow separation effects associated with the proximity of the two

vehicles.

Atmospheric staging and abort dynamics are critical areas on which the
feasibility of any two-stage reusable launch system hinges. Aside from the
aerodynamic coefficients of both vehicles on various relative positions, it
is necessary to know the transients of such coefficients experienced during
staging. A free-trajectory wind tunnel simulation of the three-dimensional
stage separation problem is required as soon as possible to refine the
concepts.
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Section 4
RMODYNAMICS TECHNOLOGY

Accurate prediction of aerodynamic heating distributions and resulting
surface temperatures is necessary to ensure adequate design of the Space
Shuttle thermal protection system. Key issues are as follows:
o Prediction of flow field and laminar and turbulent heat transfer
distributions
Prediction of boundary layer transition

Identification of heat transfer increase due to surface
irregularities, protuberances, control surface, etc.

¢ Identification of location and heat transfer increases
associated with shockwave-boundary layer interactions

© Prediction of base heating rates

L.l PREDICTION OF FLOW FIELD AND HEATING DISTRIBUTIONS

Limited experimental flight datea are available to aid in selecting appro-
priate analytical methods for predicting flow field and heating distributions
on Space Shuttle configurations. The ASSET and SV-5 programs provided most
of the applicable data, but these programs were limited in scope and failed
to provide the quantity and quallity of data essential to establish appro-
priate flow field and heating prediction techniques. Of particular concern
is the large discrepancy among various turbulent heating theories. LMSC

has selected the rho-mu turbulent heat transfer methods, which was used during
the X-20 (Dyna-Soar) program for use on Space Shuttle studies. However ) 88
indicated in Volume III, Section 3, the orbiter entry corridor would be re-
duced by as much as 12,000 feet if the reference enthalpy method were se-
lected and increased by as much as 10,000 feet if the Spalding-Chi method
were selected. A similar problem exists with prediction of local flow
properties. The orbiter entry corridor would be increaped by as much as
22,000 feet if the lower surface boundary layer edge entropy were the normal
shock, rather than oblique shock, value.

b1
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Because of the large discrepancies among various flow field and hesting pre-
diction techniques and their resulting impact on thermel protection require-
ments, extensive anslytical and experimental studies must be conducted in
these aress. The uncertainties regarding locsl flow properties can be re-
duced by test and snalysis; however, the appropriate turbulent heeting
theory can be established only through a flight test program. Wind tunnel
tests should be conducted on each candidate configurstion to obtain pressure
data and laminar and turbulent heat transfer distributions. Csaution should
be exercised in extrapolating the wind tunnel results to flight heating
predictions to avoid less than conservative estimates.

4.2 PREDICTION OF BOUNDARY LAYER TRANSITION

The locetion of boundery layer transition greetly influences the orbiter
entry corridor. Anselyticsl and experimental studies have shown transition
to be influenced by many veriables, including Reynolds number, unit Rey-
nolds number, Mach number, roughness, wall cooling, freestream turbulence,
etc. In addition, it has teen shown that noise generated by the turbulent
boundary layer on wind tunnel walls hes a significant influence on the lo-
cetion of transition on test models. Experience has shown, however, that
the transition Reynolds number on a full-scale flight vehicle is generslly
larger than that measured on a wind tunnel model.

Experimental boundery layer transition studies should be conducted for each
candidate Space Shuttle configuration, with particuler emphasis on the
orbiters. Tests should be conducted over a range of Reynolds numbers for
various angles of atback. It is recommended that the transition locations
be identified from heating distributions obteined through tempersture sen-
sitive costing tests. This technique will yield meximum detall regarding
the transition petterns.

4.3 IDENTIFICATION OF HEAT TRANSFER INCREASE DUE TO SURFACE IRREGULARITIES, EIC.

Surface irregularities, protuberances, and control surfaces are unavoidable

disruptions to normslly smooth external surfaces and generally create
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localized heating problems. Considerable date from wind tunnel and flight
tests are available to estimate local heating increases associated with a
variety of surface irregularities and protubersnces. However, if unusual
shapes ere involved or a protuberance must be located in a high heating
region on the Space Shuttle, tests must be conducted to determine the magni-
tude of the local heating increase. In addition, the effect of surface
irregularities due to normal manufacturing tolerances should be included

in the heating predictions.

4.4 IDENTIFICATION OF LOCATION AND HEAT TRANSFER INCREASES ASSOCIATED
WITH SHOCKWAVE-BOUNDARY LAYER INTERACTIONS

The heating and pressure increases assoclated with interasction of e shockwave
and boundary leyer have been the subject of numerous analyticel and experi-
mental investigations. All of the candidate Space Shuttle configurastions
entail shockwave-boundary layer interaction problems. For example, & siz-
able heating increase will occur where the orbiter bow shock impinges on the
booster upper fuselasge of the IMSC Two-Stage lsunch configurastion. During
the NASA Reussble Orbital Transport study, Lockheed conducted Mach 8 wind
tunnel tests on & similer two-stage configuration and measured interference
heating rates of 5 to 10 times the undisturbed value along the booster upper
surface. The reduction in view factor to space resulting from the presence
of the adjacent vehicle complicates the problem for a radistion cooled struc-
ture. Additional shockwave-boundary layer interactions would occur on the
MSC fixed wing configuration, where the bow shock impinges on the wing and
the wing shock interacts with the fuselege boundary layer.

Because shockwave-boundary layer interaction effects are highly geometry
dependent, extensive testing will be required to determine appropriate in-
terference heating factors for each candidate configuration. These effects
are localized; consequently, it is recommended that the heating distribu-
tions be obtained from temperature-sensitive paint tests to asssure that the
pesk values and extent of the affected region are properly defined.
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L.5 PREDICTION OF BASE HEATING RATES

The base region of the booster and the orbiter will be subjected to convec~
tive and radietive heating from the engine exhsust plume and recirculating
flow. Considereble bese hesting dats epplicable to multiengine clusters
have been obtained from the Fleet Ballistic Missile and from Ssturn and
Minuteman. Regions of flow separation provide for recirculation of fuel rich
nozzle exhaust, with resultant localized burning and associated hest trans-
fer. For asymmetricel vehicles (mated booster and orbiter), large separated
regions could exist between the booster and the orbiter forward of the base
region, particulerly at angle of attack; thus, combustion effects may not

be restricted to the base regions of the booster and the orbiter. The com-
bustion-contributed heating environment may provide significant heat-rate
levels in relation to the normal plume interaction reverse flow convective

and radiative heat transfer.

Scele model tests of the booster/orbiter configuration employing nozzle hot
flow provide necessary convective and radistive heat transfer design data
regarding plume interaction effects. Suitable simuletion of the combustion
phenomenon is not possible from smell scale model tests. Only a qualitative
evaluastion of the combustion contributed heating environment is possible
with a pertial definition of the region of influence. Unfortunstely, scale
model tests under estimate the inflight combustion effects; therefore, it

is essential that a conservative design approach be used until data are
obtained from the prototype.
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Bection 5

STRUCTURES TECHNOLOGY

Technology releting to vehicle structure and thermal protection systems is
Jundamental. Basic information must be available during the vehicle defini-
tion rvhase to permit evaluation of structural-thermsl concepts. Aress re-

quiring additionasl investigation or basic research include the following:

Materieals
Thermal protection systems
Movable elements in a high-temperature environment

Efficient &and low=~cost Jjoining methods

@ @ e © e

Structural mechanics, including loads, structural and environ-

mental dynamics, and separation mechanics

5.1 MATERIALS

Past government and company-funded development programs have demonstrated
thet a state-of-art has been established to design and construct a single-~
mission lifting reentry space vehicle. Current advanced technology rrograms
indicate that multimission capebilities are practical through improved
materials systems and the epplication of improved manufacturing technology.
Contemporary design concepts now require multimission capebilities, which
‘mpose relatively long-life requirements on current materisl systems. The
suitability of these materials and materiasl systems has not been adequately
demonstrated by environmental evaluation of cyclic entry conditions, i.e.,
time, temperature, and pressure, nor have refurbishment guidelines been es-
tablished.

Definition of the cyclic and mission-peculiar environment is required so
that existing, flight-proven and improved advanced materials may be analyzed
for applieability to Space Shuttle design. It is recognized that the string-
ent requirements of launch-ascent, orbit, entry, cruise, and landing are

superimposed upon one another and thereby generate performence requirements
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~ut previously required.

In general, materials and application processes requireé evaluation to es~
tatlish behavior and limits of state-of-art concepts under Space Shuttle
environmental profile conditions and to explore improvement of those less
than optimal materials. The behavior and effects of interrelationships of
launch, ascent, orbit, entry, crulse, and landing conditions on materials
must be verified. Specific development activities necessary to meet design

constraints imposed by mission regquirements are as follows:

¢ The thoria dispersion-strengthened alloy, TD-NiCr, has been a
leading candidate material for many design spplications involving
heat shields and leading edges. This nickel-chromium base alloy,
which has outstanding oxidation resistance, structural stability,
and moderate strength up to ahOOOF, is strerngthened bty s micro-
scopic and uniform dispersion of thoria (Thog). Primary develop-
ment was for long service in severe applications at temperature
ranges served by superalloys and coated refractory metals. TD-NiCr,
however, has not been produced in large guantities, and reproducibi-
lity of alloying and material behavior requires further verification.
The alloy also exhibits property loss if severely worked in the re-
crystallized condition. Basic fabrication characteristics must be
developed consistent with projected design considerations. Al
though oxidation resistance appears outstanding, further verifica-

tion of this resistance is necessary, under cyclic low-pressure
conditions.

Environmental parameters influencing the application of materials
in hypersonic and reentry vehicles have been defined by Lockheed
and by various Government agencles. Lockheed has recently designed
and evaluated a test simulator capable of operating simultaneously
under programmed loads and reduced pressures and temperatures for
unlimited lapsed-time cycles. Complex specimens with dimensions

up to 5-1/2 by 10 inches can be cyclic loaded and exposed to flight
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profiles. This equipment provides a test facility for evaluation
of TD-NiCr alloy and coated refractory alloys under environmental
reentry conditions of pressure, temperature, and loeds.

On the basis of available data, columbium alloy, Cb 752, in the
single-annealed heat treatment condition is the most promising
candidate of the second-generation columbium alloys. Severe losses
in ductility after exposures to a 17000-210001? temperature range
have been experienced with duplex-annealed material. The more
temperature-stable single-annealed condition 1is more promising
where & reusable structure stressed at or near room temperature
is required. Ewvaluation and verification of behavior for coated
colunbium alloys are necessary to ensure desirable mechanical
properties and ductility after fabrication, welding, coating, and
flight simulation. Also, the creep characteristics of Cb T52
must be fully defined.

High-temperature/rerractory material protection systems capable

of withstanding the high-temperature, low-pressure oxidizing environ-
ment must be investigated or developed to ensure optimum integrity,
reliability and reusability.

High-temperatures generated in entry necesaitate further investi-
gation of ablative materials for use in areas such as the nose
cone, removable doors, accesses, and heat shields. Ease and cost
of refurbishment or replacement are prime considerations.

The design of an efficient structure dictates the use of advanced
fibrous composite materials, such as boron and graphite in metallic
and organic matrix materials. Physical and mechanical properties,
coupled with forecasts of decreased material and fabrication costs,
make these items especially attractive. Lockheed has been engaged
in programs to develop proficiency in the design, application,
manufacture, and test of hardware, using boron/epo:q, graphite/epo:qr,
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ard boron/aluminum composites. These programs include boron/epoxy
(Air Force contract) used in the design, fabrication, and test of

a C-5 aircraft wing slat. A removable door panel for a spacecraft
equipment section is now being fabricated from high-modulus, graphite/
epoxy, corrugation-stiffened material. Alsoc, a spacecraft design
that makes use of fibrous composites is nearing completion; and
Lockheed is conducting a continuing IRAD program to develop boron/
alumirum composite materials. Planred work by Lockheed will include
an investigation of attachment methods for typical spacecraft and
aircraft. High-temperature matrix materials, such as the polyimides
and polybenzimidizoles, appear as prime areas for contlnuing devel-
opment of both graphite and boron reinforced composites for Space
Shuttle structural application where temperatures in the SOOOF

range are anticipated. Localized strengthening of aluminum structure
with tapes of advanced composites will be used to adventage where
environmental and compatibility considerations dictate other than
purely composite structure.

Current and future programs should develop the design and materials
data, manufacturing and inspection/test technology, and the confidence
required to use the advanced composite materials in the Space Shuttle.

The temperature extremes to be encountered require improvements in
sealants, adhesives, coatings, lubricants, and plastic materials.
The ability to endure the repetitive long-duration space and earth
environmental exposure, compatibility with liquid and gaseous pro-
pellants, and flammability must also be investigated.

Electrical insulations and terminations require improvements.
Flammability, durability, weight considerations, and electrical
integrity are controlling requirements.

5l
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e Various thermal insulations such as LI-1500, microquartz, dynaflex,
cellular organics, and multilayer systems need to be fully developed
for internal tankage installation, external insulation, and loca-
tions below heat shields and structure. Performance must be eval-
uated, application methods improved, inspection procedures devised,
and refurbishment or repalr techniques analyzed.

e Thermal analysis of attechment techniques for insulation systems
(e.g., multilayer, LI-1500) must be initiated; material type and
thickness must be predicated, in part, upon effect of heat leaks due
to method of attachment to vehlicle surfaces.

® Thermophysical properties (solar absorptance, infrared emittance,
and thermal conductivity) of materials to be used as insulators,
ablators, or passive thermal control must be established. Effects
of prelaunch, ascent, stationkeeping, and reentry environments, must
be determined in order to predict operating temperatures for the
Space Shuttle. Ability of such materials to withstend thermal cycling
and reentry conditions will dictate reusability/refurbishment re-

quirements.

5.2 THERMAL PROTECTION SYSTEMS

The thermal protection system, which will be a major portion of the vehicle
structure, is considered to be one of the key technical areas. Both the
basic material and unique structural-thermal concepts evaluation is nec-
essary. Several thermal protection systems, including metallic, nonmetallic
and ablators, exist; however, additional testing end design studies in which
such factors as reliability, reusability, structural efficiency, refurbish-
ment, inspection, cost, and development and refurbishment time are considered,
are required before the final selection is made.

i

5.2.1 Metallic Heat Shields

Shielding requirements of reusable reentry vehicles make further development
in superalloy and refractory metal shields necessary. Problems to be en-

countered in reuse require definition before solution.
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IM3C is currently conducting sn ID program to develop superalloy/refractory
metal heat shield capability from enalysis design and menufacturing tech-
nologies. Damage tolerant designs exceeding current stete~of-thesart are
receiving major emphasis. An environmental test apparatus being cslibrated
is capable of duplicating realtime thermal, stress, and atmospheric condi-
tions to investigete the capabilities of refractory metals and proposed join-
ing methods. The coating sensitivity to low pressure is a key factor.

Full-scale large-panel tests duplicating the entire flight environment are
required. Flight loadings, consisting of air, thermal, acoustic, and
dynamic factors, must be duplicated; and investigations of existence and
effect of local hot spots on shielding metals must be conducted. The cumu-
lative effects and possible repair associated with recycling of environments
compatible with this intended flight usage must be investigated.

5.2.2 Nonmetallic Heat Shields

Current lightwelght, rigid, high-performance materials appear to be promis-
ing as a thermal protection system.

During the past few years IMSC has been developing such a materisl system,
identified as LI-1500. This is a rigid silica system weighing 15 Ib/ft3.
Considerable elemental testing, including thermal, mechanical, and environ-
mental, has been conducted on LI-1500, Results indicate that this material
system has significant merit in weight and cost savings and in design simpli-
fication, relative to existing metallic reradiative heat shields or ablative

systems.

Additional LI-1500 panel and component testing is regquired to establish
compatablility with the substructure, attachment methods, Jjoining techniques,
RF transparency, and overall design criteria.
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5.2.3 Abletive Thermal Protection Systems
The following developments ere necessary:

& Ablator designs that are readily refurbished with & minimum of
cost, equipment, and time

® A suitable sblative material with predictable properties for
long heating periods during lifting entry

s An sblator that has adequate physical properties and is compatible
with the load-carrying structure

The thermal environment for lifting reentry trajectories suggests eblators

with the following characteristics:

Low density
Smallchar formetion with high char strength

Minimum char recession (spallation or oxidation)

e © & e

Thermel conductivity to limit heat conducted to substructure

The prime consideration for long entry time environments is the thickness

of char formed and the amount lost through chemical oxidation and mechanical
erosion. Thick char layers formed during long entry time and low heat rate
environments experience thermal stresses that could cause spallation and
srecipitete mechanical erosion. The material system to be chosen must have
char layers that resist spasllation and exhibit good resistence to oxidation.
For panel applications, current methods to reduce char erosion of silicone
naterials make use of glass fibers or a phenolic honeycomb encasing the
basic silicone material. Another reinforcement method with good erosion
resistance, but developed only to laboratory level, involves the use of a

rigid felt or rigid fiber reinforcement.

Sustained heating produces hot melt layer over deep char. The char becomes
progressively thicker and more porous. Longer heating also increases time
for silica/char reactions, further weaskening the surface char zone. Net
effect is a char that becomes increasingly less insulative and progressively
more susceptible to mechanical spsllation. 1If deep char is thus removed,
the remaining virgin material overheats, allowing bondline failure and loss
of" substructure strength.
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The temperatures associated with long thermal soazk cause expansion problems
that can further sggrevate mechanical integrity, especially in the pyrolysis
zone, where expansion reversals occur. This Internal expansion cen open m
saps between sblator and substructure and between abletor and radiative

structure.

Ablative panels ere made up of two basic components - an gblative stratum
and & substrate to facilitate mounting. The feasibility of total or partial
reuse of each panel must be considered. Definitive refurbishing techniques
will depend on the specific design of the panel as well as the condition and
characteristics of the material at the time of refurbishment.

3ince the substrate generally encounters no temperature that could degrade
its mechanical and physical properties, any refurbishment consideration

will be governed by the characteristics of its interfasce to the ablative
stratum. However, if under operational conditions, the substrate should be
dameged to such an extent as to require refurbishing, the panel design should
be questioned. It is anticipated that properly designed irmtallation and re-
moval methods for the panel assembly will meet any refurbishment requirement.

Several possible refurblshment considerations and their respective potentials
applicable to orbiter vehicle application are presented in Table 5-1. For
simplicity, a glass honeycomb reinforced silicone elastomer system is con-
sidered to be representative.

To evaluate the merits of refurbishment, the exact behaviors of the ablative
material on various degrees of exposure must be determined. This can be
accomplished by simulated entry environment testing, after which the handling
characteristics of the degraded system as well as the boundary line of the
virgin material areesteblished. Techniques for refurbishment must vary with

the panel shape.

The use of & rigid felt or fiber reinforcement, such as LI-1500, shows con-
siderable promise for simple refurbishment by employing subliming resins as
coolants in an LI-1500 matrix (passive transpiration system). This system
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may be refilled after entry exposure by & simple immersion in the thermally
efficient resin and reconstituted for reuse.

Employment of combined ablative and rediative panels as a heat protective
system with the ablative panels located upstream of the radiative panels
introduces complex design interface problems and possible chemical reaction
of eblator decomposition products with a refractory metal protective coating.

5.3 MOVABLE THERMAL HINGES

It is necessary to establish the structural-thermal integrity of moveble
surfaces of a 1lifting reentry body. Examples of these surfaces are aero-
dynemic control surfaces, landing gear doors, and payload compartment doors.
The basic problem is to develop satisfactory bearings or hinges for attach-
ing EOOOOF movable surfaces to 150°F primary structure. Such bearings are
not presently availaeble.

An IMSC ID program has been initiated to define workable design concepts

for reentry body hot moveble surfaces with adequate thermal-structural in-
tegrity. The program includes preliminary structural and thermal anslyses,
preliminary design, and fabrication of a functional demonstration model.
High-temperature lubricants and bearing materials and Joints providing rota-
tion through elastic flexural or torsional deflections are being considered.

Detail analysis, design, development, and structural and functional testing
under simulated flight environment will be required to solve the hot moveble

surface problem.
5.4 RESISTANCE WELDED AND BONDED STRUCTURE

Most of the problems associated with the technique of resistance welding
through an adhesive lle, as with all new develo%ments, in establishing ade-
quate quality assurance techniques. Techniques proposed and tested include
x-ray, ultrasonic, electroinductive, and radiocactive isotope testing. Of
these, the ultrasonic technique seems to offer the most promising results.
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LMSC has fabricated a series of liquid hydrogen tanks with the spot-bonded
joint technology. These tanks were cycled, leak tested, and burst; the
adhesive retained adequate ductility to provide a seal without crazing or
cracking down at temperatures of -423°p.

A wealth of uncorrelated information exists on the strength of resistance
welded adhesive Jjoints. Much of the earliest work was done by the Russians,
who have used this method for both primary and secondary structural applica-
tions in aireraft since 1956. Lockheed-Georgia Company has performed lap
shear, tension shear interaction, and fatigue tests on this process, dating
back to 1966. At IMSC some work has been initiated on determining suitabil-
ity for application as tank joints. This Joining method should be pursued
further.

5.5 STRUCTURAL MECHANICS

To design optimum structural load-carrying elements and to minimize excessive
welght penalties, a thorough understanding of total loading environments and
their effects on the structural design and integrity of the vehicle is re-
quired. Many of the elements contributing to the loads are readily identi-
fiable, and their effects on the vehicle can be adequately treated with cur-
rent technological methods. On the other hand, aspects of the environment
require more in-depth consideration and advancement of technology to ensure
that accurate techniques are available to account for their effects in
vehicle design. Among these are the dynamic and aeroelestic aspects of the
loads, the acoustic environment, and the unsteady aerodynemics. 1In addition,
accurate modeling of highly complex structures having widely verying stiff-
ness and mass properties, nonlinear elements, and vastly different damping
characteristics is required to define the structural response for the many
loading conditions.

5.5.1 Problem Areas

Specific areas requiring solution or technology development are as follows:
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Vibro acoustic environmental definition and simulation - Definition
of the acoustic environmental characteristics is necessary to ensure
adequacy of the structure, proper definition of the fatigue life of
various elements or panels, reliasbility of components, crew pro-
tection and to determine demands on ground support equipment. Acous-
tic vibration qualification test procedures must be optimized to
eliminate substantial overtest and resultant weight penalties.
Fatigue resistance of composites, laminates, and other structural
elements subjected simultaneously or successively to high acoustic and
thermal cyclic environments must be investigated.

Unsteady eserodynamic effects - It is necessary to understand the un-
steady aerodynemic effects over wide Mach number ranges for adequate
analysis to be performed in the areas of buffet response, staging
dynamics, panel flutter, etc. Oscillating shocks and local flow
conditions in this area of radical body shape changes can cause
severe surface and internal vibration problems. Unsteady flow
(vortexing effect) associated with ground winds could impose serious
loading conditions. Experimental data should be acgquired to prevent
costly redesign or the weight penalties of over design.

Structural dynsmic modeling and response analysis - Accurate dynemic
modeling to determine dynamic response characteristics is required
to define response due to transient loading effects (engine forces,
winds, unsteady aerodynamic effects, POGO oscillation effects, etc.)
Current techniques for handling the damping characteristics of the
various structural components are not sufficiently systematized to
provide rapid parsmetric¢ evaluation of their effects on vehicle
response. Modularized or model synthesis approaches can provide

an improved technigue in the final anaslysis in order to make full
use of the computer capsbility.

Aeroelastic effects - Aeroelastic characteristics of such primary
Space Shuttle elements as the wings, fins, control surfaces, and
panel elements must be establighed for varying flight regiumes,
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ranging from subsonic to hypersonic and including reentry flight
oscillating shock and separated flow effects. Also, fatigue effects
of low-amplitude flutter must be well defined.

5.5.2 Current State-of-the-Art and Technology

Considerable acoustic data are available from Saturn and other large propul-
sive vehicles. Data are presently being compiled and organized to compare
with analytical predictions. Near and far field acoustic environments for
candidate Space Shuttle engines are presently being studied by means of
snalytical techniques, based on specific impulse values, nozzle diameters,
flow velocities, etc. Informetion regarding damping characteristics of
candidate thermal protection surfaces is being compiled.

In the absence of wind tunnel data for the configuration considered, maximum
use will have to be made to scale past tunnel testing of various booster and
aircraft vehicle shepes; however, it is believed that this data will be of
only limited use because of the complex flow patterns that will be generated
by body interaction effects. Ground wind effects will most certainly have

to be determined by wind tunnel testing or application of conservative design
philosophy.

Finite element modeling techniques are well developed and have direct appli-
cation to the Space Shuttle. Both IMSC's REXBAT amd NASA's NASTRAN computer
codes are useble for dynamic modeling of the individusl vehicles and the com-
bined vehicles. Development will be required in the representation of some
vehicle elements, representation of nonlineer elements, response and structural
interaction effeets of liquid filled tanks, damping representation in compo-
nents of the structure, and modal synthesis techniques.

5.5.3 Technology Development Requirements

e Environment definition and simulation - Methods must be developed
for empirically predicting the response of typical panel structures
and structural elements to acoustic environments. Predictions of
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these responses must be correleted with realtime data obtained through
comprehensive laboratory testing. Dynamic scale model testing of

the advanced propulsion systems must also be conducted. This should
include measure of acousgtic spectrums and spatial correlation effects
for near and far field and determination of effects of mixed flow
from adjacent engine patterns, correlated with predictive techniques.

To determine acoustic and vibration environments and surface pressure
distribution due to inflight separated flow effects, it will be nec-
essary to conduct wind tunnel tests to obtain amplitude and correla-
tion data over a wide range of Mach numbers, angles of attack, and
dynamic pressures covering ascent and reentry pheses. These data
are not avallable through means other than tunnel testing. Comprehen-
sive laboratory test programs are needed to determine most optimum
methods of test to simulate in-flight acoustic and vibration environ-
ments.

Unsteady s2rodynamics - Techniques to predict fluctuating pressure
distributions and spatial correlation effects are needed. Also,
scale model wind tunnel tests of each separate body and combined
vehicle configuration must be conducted at various angles of attack,
Mech numbers, and dynamic pressures, with fluctuating pressure dis-
tributions measured and effects correlated. Problems of scaling and
intersction of flow effects with tunnel surfaces must be solved.
Extensive wind tunnel test data must be acquired for the booster

and orbiter vehicles in various stages of separation, including
control force and engine plume force effects. Data must be acquired
at various Mach numbers, under various dynamic pressures, and at
different angles of attack as a function of time or separation
distance in order to define the complex aerodynamic flow fields

and interaction effects. The repeatability of these data as a
result of changes in parameters must also be established in order
for credibility to be attached to separation analyses conducted.
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¢ Structural dynamic modeling -~ Continual development and improvement
of methods in finite element modeling and computer codes to handle
wider variety of structural elements is needed. Also needed are
methods to handle dynamic response problems, including nonlinear
effects and varying values of damping for different structural
elements. Capabilities should be increased in areas of determins-
tion of total vehicle model properties by component mode analysis.
Study must determine which model properties are critical and how

boundary conditions can be adequately handled.
Capasbilities must be developed through model testing and analysis to

engble proper dynamic representation of liquid filled tanks. Line-
loss characteristics amd propellant feed system parameters ( pump
characteristics) must be determined so that adequate analytical
representation of the interaction between the propulsion system and
structural properties (POGO effect) can be obtained. A computer
program is needed for solving the response of two docking bodies
when the input parameters are body flexibility chearacteristics,
different orientations of the two body axes, and differences in the
velocities,translations and roll motions.

Aeroelastic effects - Wind tunnel tests over varying Mach number and
angle-of-attack combination must be conducted to determine total
vehicle and control surface aercelastic stability effects for the
individual vehicles and for the combined vehicle configuration
during the exit phase of flight. This testing should be conducted

in phases, with the first phase occurring early enough in the program

and accomplished with a simlified dynamically representative model
in order to identify any prior stability or flutter problems and to

correlate with analytical representation. Final phase testing should

be conducted with sophisticated models to demonstrate flutter-free
design and to determine magnitude (if any) of limited amplitude
flutter in order that fatigue effects can be properly identified.
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5.6 CRYOGENICS

5.5.1 Reusable High-Performance Cryogenic Insulation

The tanks required for orbital transfer, maneuver, and retro in Space
Shuttle must be insulated with high-performance, multilayer insulation.

The multilayer insulation must be purged with helium during ground hold and
the insulation is vented to vacuum during ascent. The purge is accomplished

throuzh theuse of an external purge bag over the insulation.

#ith the insulation under vacuum before reentry, the atmosphere will enter
the Insulation, resulting in water vapor condensation and other contamina-
tion. It is therefore desirable to maintain a slight positive pressure
within the purge bag during reentry and this requires a differential pressure
regulator and a suitable purge bag system surrounding the propellant tank

insulation.

The accomplishment of these requirements necessitates the development of

a "breathing" insulation system.

No programs have been condlucted to accomplish this specific goal. However,
extensive work has been done in the development of cryogenic thermal pro-
tection systems for space vehicles; and some past effort has been completed
in the development of thermal protection systems for cryogenic hypersonic
vehicles. Summaries of these programs are presented in References 5-1

through 5-30.

The recommended approach is to establish an orderly experimental program
from laboratory to moderately large ground tests. ILaboratory test and
smll-scale environmental tests would be conducted to develop the materials

and methods.

The most promising concept would be selected, and a detailed design of
this system would be made. A large-scale test article would consist of a
liquid hydrogen tank (5 feet in diameter or larger), the selected thermal
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protection system, and a simulated propellant bay wall. Flight simulations
would be performed in a cryogenic vacuum flight simulator through the se-
quences of environments paralleling those of an actual mission. The insula-
tion would be developed to a flight application status,

5.6.2 Reusable Foam-Type Insulation Systems

The propellant tanks of the booster and the ascent tanks of the orbiter

are proposed to be foam insulated. It is likely that protective purging
and possibly purge bag protection will be required for the foam-type insula-
tions,

Foam-type insulations have been used extensively in reusable ground systeums,
but not under the environments to be experienced by the Space Shuttle.
Work is presented in References 5-31 through 5-3k4.

The objective of the test programs would be to determine the effects of
the Space Shuttle mission profiles on foam insulation systems. The steps
in the program would involve laboratory testing and scaled tank testing.
The laboratory program would principally involve the effects on various
foam systems from repeated cycling through the ground hold, ascent, vacuum,
and reentry atmospheric conditions to which the insulations would be sub-
Jjected. Both thermal and physical properties should be investigated.

Following laboratory testing, scaled tank tests should be conducted, with
5-feet or larger diameter tanks used. (This testing would require use of
a cryogenic flight simulator.) Any necessary modificiations to the insula-
tion system would be developed in these scaled tests.

5.6.3 Fracture Mechanics in Cryogenic Propellant Tankage

The principal problem in the development of cryogenic tankage for reusable
vehicles is the required sustained loading, rather than the pressure cyecling.
Only meager informaetion is available on the fracture mechanics of aluminum
alloys and welded Joints under sustained loading in contact with eryogenic
propellants. Also, only a limited amount of data are available on tankage
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materials, such as 2219 aluminum and 2021 aluminum. Prior programs are
listed in References 5-35 through 5-50.

The purpose of new programs would be to establish the parameters related
to the fracture mechanics of propellant tank materials when exposed to
extended loading conditions in contact with liquid hydrogen and liguid
oxygen.

she programs would involve mechanical properties testing of candidate tank
materials {aluminum and titanium alloys). Notched and unnotched specimens
of base material and weldments would be used. Tests required in the expected

environments include:

®» Ixtended cyclic testing
® Testing with the material exposed to ligquid oxygen and liguid
hydrogen propellants

On the basis of the test results, the threshold stress intensity factors
for each tank material will be determined for each propellant exposure.
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5.7 THERMAL CONTROL SURFACE DEFINITION AND DEVELOF

The average temperature of a spacecraft on orbit is a function of several
parameters; two of the most important are the ratio and external surface
solar absorptivity to infrared emittance (o/¢) and the internally generated
power level. Spacecraft systems are normally provided with a specific sur-
face coating capable of withstanding the ascent and orbit environments. Any
coating applied to external surface of the Space Shuttle must either survive
reentry or be re-applied between flights. If the inherent characteristics
of the external skin are adequate for orbit temperature control (without a
special coating), the system reusability is greatly enhanced.

The proposed effort will involve the measurement of ¢ and ¢ for candidate
external surfaces. Measurements will be made to establish nominal values,
tolerances and the effects of repeated use.

The applicability of these properties will be established by analysis

to determine resulting on-orbit temperature levels. Should it be determined
that inherent characteristics of candidate skins are not adequate, a devel-

opment program for a specific surface coating or treatment will be prepared.
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Section 6
AVIONICS TECHNOLOGY

Avionic requirements for the Space Shuttle do not entail the need for a
breskthrough in technology; however, improvements in technology are required.
Integration of avionics functions is the primary technique for signifi-
cantly reducing system weight, power, and cost. Required improvements in
technology at the subsystem and system level are identified in the follow-

ing paragraphs.

6.1 ELECTRICAL SYSTEMS

The Space Shuttle has several requirements that affect electrical system
development technology. For example, the l-hour entry periocd following de-
orbit imposes a nonradiative cooling problem on both the primary and standby
power systems. Fuel cells, the leading candidate ss & primary source of
power for the orbiter, will require open-cycle operation or possibly evapor-
ative cooling. Also, the standby bettery system will have to be actively
cooled. Iightweight, high-efficiency, power control and distribution systems
will be required because of the wide dispersement of electrical user equip-
ment throughout the vehicle. The short turnaround time will require repair-
gble or replaceable hardware units.

In the past, a valuable design tool has been the spacecraft or aircraft
electricel mockup. On vehicles of the sizZe and complexity of the Space
Shuttle, however, the cost of construction and use of such a mockup would
be prohibitive. The use of flat conductor cabling with its predictable
characteristics makes it possible to consider some type of simulation tech-
niques that would provide all the practical test data of & full-size
electrical mockup with much lower cost and facility requirements. In sddi-
tion to the wiring, & simulation technique must be developed for loeds and
power sources. Once developed, such a power system simulation technigue
could be used for Space Station as well as Space Shuttle or other

advanced spacecraft design.
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Specific developments for power sources, power distribution, snd power condi-

tioning are presented below.

6.1.1 Power Sources

2.1.1.1 Fuel Cells. The present limit of 2000 to 3000 hours of life should
be increesed toward a goal of 10,000 hours. This incresse spplies to the

fuel cell system end includes pumps and valves.

Electrochemistry improvements wvould contribute to reduced welghts, improved
performance, end longer life. Attainment of improved control of electrolyte
position, of cell voltage closer to theoreticel, and of less voltasge drop

vith increased load snd operating time is desirable.

Essy servicing of fuel cell system components is required to reduce operating
costs. Access {0 end esse of removal of modular components 1s also desirsble.
Alrcereft muintensnce should be alloved Lor in the design to help etteain the

incressed life gosl.

To allow increased current densities, methods of high rate heat removal
should be developed. These methods include weter injection and bolling and
the applicetion of hest pipe technology.

The use of the Space Shuttle H2 snd 02 propellants for fuel cell resctants
is a desirable integration method. Methods for conditioning these materisls
to remove carbon-bearing impurities end for using low-pressure reactents

must also be developed.

6.1.1.2 Chenicsl Turbine-Driven Alternstors. Effort in this erea has been
essentially dormant since the Dyna-Soar program. The use of the Space Shuttle

propellants for pover generetion reguires sdvances in 32»02 combustor design

and control and the application of sdvsnces in turbine design end meterials
to 8 long-life HE-«O2 turbine system.
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6.1.1.3 Batteries. To reduce the cost of high-rate emergency batteries
that are not normelly used, long stand life and fast battery activation
technology requires continued development.

The short-duretion booster mission can be relisbly powered by a bettery
system. The development of high-rete, low-weight battery systems with
adequate cooling and the highest possible degree of reusability is required
to reduce costs.

6.1.1.k Cruise Engine Power Tskeoff. Significant reductions in generator
system weight can be achieved through eliminating constsnt-speed drives
with varisble speed, constant-frequency generator technology development.

6.1.2 Power Distribution

6.1.2.1 Distribution Voltage. Up to the present, distribution of primary
power at 28 vde end 115-v 40O Hz ac has been sdequate for most spacecraft.
However, because of its size and complexity, the Space Shuttle requires
optimum power distribution voltages. A study must be made to determine the
optimum voltage, with attention given to the magnitude and location of major
power loeds, the overall power distribution concept(centralized versus
decentralized or isolated power sources), the aircraft/spacecraft operational
phases, the cost of redesign and requelification of components if a new
operating voltage is selected, and reliability end crew safety. This study
must heve high priority because of potential impect on the development of
both power sources and mejor power-using subsystem components.

6.1.2.2 Lighweight Circuit Components. Concurrent with the voltage opti-
mization study, work must continue on the development of lightwelight wiring
(flat conductor cable, ribbon cable, and asluminum wire) for spacecraft

power and signal distribution. Also, the development of lightweight solid-
state circuit breakers to meet the Space Shuttle power switching requirements
and metch the integrated evionics end power control and protection concepts
must be initiated. One desirsble development in the use of multiconductor
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wiring would be a computer progream to aid cable design and routing. Such a
progrem would save many manhours of design time.

Lockheed is active in both of these areas. Flat conductor casble is being
used on one Agena flight program and is being designed for another. The
Lockheed S-3A aircraft will employ this technique extensively. A solid-
state switch has been developed for deep submergence vehicle use. Addi-
tional development and testing of this device would be required for space

use.

6.1.3 Power Conditioning

Excellent progress has been made recently in solid-state inverter technology
with the development of the harmonic stepped wave inverter by Engineered
Magnetics Division of Gulton Industries. When an optimum Space Shuttle dis-
tribution voltage is selected, this technique could be used to develop a
lightweight high-power static inverter.

6.2 HIGH-SPEED DATA BUS SYSTEMS

Traditionally, information trensfer between avionic items has been accomp-
lished by multiconductor cable. With the advent of integrated circuits,
signal multiplexing as =z means of reducing the cabling weight has become
feasible. Transmission of date over & single coaxisl cable at rates of 1
to 6 megabits per second cen be considered. Further improvement cen be
achieved by the use of & standerd interface unit between the avionics
equipment and the data bus.

Improvements in the Apollo modem processors and command systems, which
interface with the dates bus, are necessary to meet Space Shuttle require-
ments. Significent development will be required to achieve redundant,
fail-safe, and self-test operations, as well as incressed reliability.

The command system must have the increassed capability to meet the require-
ments for rendezvous, docking, and eerth landing.
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A mincom system involving time division multiplexing has been considered
for the Lockheed S-3A aircraft. An overall wiring weight reduction of L22
pounds is achievable. Design of a sultable standard interface unit is
undervay. One task in the 1969 IMSC microelectronic independent develop-
ment program is the design and fabrication of & 16-channel multiplexer and
a femily of hybrid circuits suitable for digital data processing.

There is considersble interest in ultrasonic and optical signal processing
to permit the simulteneous handling of a large number of signals. IMSC
has included thie task as part of the independent research progrem for the
past 2 years.

The IMSC independent development progrem has also funded several tasks in
the laser communications field. These could provide a background of knowl-
edge and cepability spplicable to high data rate systems. One tasgk is de-
voted to the determination of optimum design snd characteristics of solid-
state lasers for use in wideband communicetion systems. A second task is
conducting research on techniques for modulsting lasers emitting in the
visible spectrum, with the specific aim of reaching informetion bandwidths
of 1 GHz, with 20 to 40 percent depth of modulation. A third task is de-
voted to the determination of the most suitable modulation system and format
for use in a wideband laser communicastion system. This study will slso
provide data needed for overall system design and performance analysis.

6.3 ELECTRONIC CONTROLS AND DISPLAYS

An all-electronic flight and status display end s heads-up display used in
conjunction with the command control devices (namely, the electronic system
inputs, such as solid-state switching, stick, throttle, and keyboard, etc.)
warrant a significant development progrsm. Cathode ray tubes (CRT),
programmaeble end controllsble, are expected to represent the primary media
for displaying single or simultaneous multiple events. Selection of single
versus multiple gun, color versus black and white, or even three-
dimensional CRTS require study.
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The following herdware developments should be investigsted:

Electronic sttitude indicator
Electroluminescent status displays
Digitsl event time control end display
Multiparameter display

Plasma displays

@ & o o ¢ ¢

Space-qualified version of the CRT

The edvantages of solid-state control/displey devices for space application
sre well known. IMSC recognized the importsnce of this technology in 1965
and produced & number of electroluminescent bar graph meters. Considersble
resesrch was conducted concerning element thickness, phosphor composition,
drive voltage; brightness, manufacturing and packaging, power consumption;
weight, and useful life. A human factors eveluation was performed in the
I4SC Spece Station simuvlator to obtein knowledge in the dntegration of such

devices intc the crevw station.

The complexity of the Space Shuttle causes a shift in the evelustion weight
ing snd in favor of the solid-stste devices. Current IMSC evalustions of
electroluminescent displays in conjunction with CRIs currently avallsble
tend £o0 show that mejor electroluminescent use will be for dedicated dis-
plays such as csutlon and wserning functions or eritical informstlon displays,
which require continuous and specific informstion sveilsbility to the crewmen.
The wide flexibility of the CRT for alphs numerlies and graphics s well as

color meke it @ wmore attractive device for integrated display.

Lockheed has mede extensive evalustions of tacticel CRY dlsplay systems for
use in the 5-34 sircraft. Control and display studies for use in the
Lockheed 1011 Tristar slso involved evalustion of the electyonic asttitude
director indicetor as well as CRTs for genersl-purpose readout. These
study results are belng incorporsted into IMSC design considerstions. Bread-
board simulation studies are planned st IMSC to investigste instrument con-
figurstions, data presentation formst and symbol designs, compstibility with
keyboerds and other inmput devices, etc., with perameters spzcific to the
Space Shuttle used.
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6.4 SELF-TEST AND WARNING SYSTEMS

In the manned spacecraft program, checkout has been conducted in detail as

a ground function. During flight, status has been monitored by ground con-
trollers with caution and warning informastion provided onboard to the crew.
A self-test and warning system is required to provide checkout from the fac-
tory build-up and throughout the operstional 1life of the Space Shuttle.

The system must be highly reliable and must possess a high degree of flexi-
bility to meet the diverse vehicle test requirements. Current systems are
not capable of meeting Space Shuttle requirements; therefore, a technology
program must be initiated.

A system concept must be established well in advance of spacecraft sub-
system design, since techniques that depend on the development of self-test
within each equipment or subsystemare preferred. Furthermore, standardized

interfaces are desirasble.

The primary area that requires development effort is the signsl condition-

ing system. A highly relisble microelectronic system, in which the system

itself and its compenion transducers are operated from progrsmmed power, is
desirsble.

6.5 CONFIGURATION ARD SEQUENCING CONTROL

A configuration and sequencing control system will perform automaticelly
the checklist function to establish the required system configuration and
verify status for a go condition. A completely automatic onboard system
has never been used on manned vehicles. A technology program is needed to
define system concepts. In addition, development of electronically con-
trolled fuses, relays, and circult breakers and switches is required.

As part of its independent development program, IMSC has conducted studies
on solid-state switching devices, with an objective of developing basic
circuit designs for high-relisbility, low-weight switches for satellite
epplications.
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6.6 TRACKERS AND SENSORS

Tracking and sensing sids will be required to assist guidance, control, and
navigation in sll phases of the mission. Development programs sre needed
in seversl equipment areas. Of major importence is a concerted materials
progrem on envirommental protection materisls for the sensor ports, since

the materisl must be transparent at the opersting frequencies.

Several requirements can best be resolved by using radar technology. Satel-
lite tracking, westher svoidsnce, terrsin evoidance, and collision avoldance
sre tasks that are currently assigned to specialized devices. BSince one
mode of operation is required at any one time, these tasks could be achieved
by using & multimode radar with bullt~-in redundsncies to provide reliability.
Successful development of this device would be & significant contribution
toward providing e low-cost transportation system.

The requirement for an eutomatlc docking device reguires development of a
suiteble docking sensor. Renge and range rate during the final docking
phase must be extremely precise. Laser technology sppesrs to be attractive;
however, operation at short ranges requires further development. Lockheed's
independent resesrch on lasers, whlch is directed at wideband communica-

tions applications, could contribute to the solution of the docking problem.

Increased applications for onboard television are required for the Space
Shuttle. Improvements sre needed in camera life, performance, and size.
Specifically, higher resolution, improved motion rendition,end a wider
dynamic range to cover a wide range of ambient illuminetion levels are re-

quired.

6.7 COMMUNICATION SUBSYSTEM

Since communication requirements during launch, orbit injection, and land-
ing are no more severe then for present systems, the basic technology
exists. However, technologicel sdvences are needed in certasin areas; and
equipment development will be required to achieve an integrated system with
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the required relisbility and maintainability features.

The requirement for communications vie a2 relay satellite during the period
from orbit injection to reentry entails technological advances, Also sub-
stantial antenne gain is needed for this link. Emphesis should be placed on
phased-array technology, including efficlent meens for generating increased
microwave power and for achieving low-noise reception with devices that are
integrated with the antenne structure. In addition, means for generating
multiple independent beams and for the reduction of beam steering power are

necessary.

A significant technological development is required to ensure thet antennas
survive the thermal effects of the reentry environment.

Laser communication systems offer potentisl advantages over microwave sys-
tems in that extremely high antenna gain may be obtained with very small
apertures. Weight and volume requirements could be reduced and structural
problems minimized. Also, optical wavelengths are not significently saf-
fected by reentry plesma, thus providing a potentiel solution to the com-
munication problem. Lockheed's substantial independent research program on
lasers is presently directed towerd wideband communications between a low-
altitude satellite and a synchronous deta relay satellite.

Antenna systems are under investigation in several independent development
programs. For example, a switched-beam, phased-array system suitasble for
use with a data relay satellite was started in 1969. This is the initial
effort of a 3 year program leasding to a demonstration model. A multipurpose
satellite antenne under study is an elliptical reflector, which achieves
substantial interchénnel isolation because of inherent polarization effects
in the antenna. A microminiaturized, electronicsally tunable receiver,
which e¢sn be integrated physicelly with en antenna-radisting element for
use as part of a phased-array or a repeater system, 1s also being developed.
The design goals include a tuning range from 1.5 to 2.3 GHz and a nolse
figure of less than 5 db, with an IF bandwidth of 100 MHzZ. Components have
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been designed, and the recelver is being fabricated.

Concurrent with entenna systems studies, transmitter end recelver character-
istics must be studied to reduce the antenna design problem and to imple-
ment en integrated KF system approach. Providing an optimum design for sn
sdvenced communication system entails evelustion of many interrelsted param-
eters. In 1968, LMSC devoted a portion of its independent development funds
to the development of 8 computer-sided pasrsmetric systems analysis technique
for use in evalusting the feesibility of communicetions systems. The progrem
is now focused on investigating the fessibility of pointing narrou-beam

persbolic xeflectors, as well as other aspects of satellite relay systems.

Multichannel selectsble frequency transmitters/receivers must be developed.
The receiver development should follow one of two approecheg - use of wide-
band RF emplifiers and filters or use of a single wideband receiving system
with adzptable KF from end steges for different frequencies. Low-nolse

solid~state presmplifiers also must be developed.

IMSC has recently completed an independent development progrem to investi-~
gate the suiteblility of microelectronics and ministure components for space-
craft applications snd the development of circuitry snd technigues leeading
to & marked reduction in size and welght of superheterodyne receivers. Two
prototype recelvers were designed, febricated, snd evalusted. Finally; a
project is underway to design, develop, and test an S-to-X bend repeater

sultable for sstellite spplications.

High-power (approximetely 100-wett) transmitters sre required for the sstel-
lite relay link. ©Solid-state exciter stsges are aveilable; however, de-
velopment of suiteble power smplifiers is required. IMSC hes had an inde-
pendent development program underway since 1968 on solid-stste power empli-
fiers. This current effort is concentrating on the fabrication of ampli-

fiers operating st S band.
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6.8 INTEGRATED GUIDANCE, NAVIGATION, AND CONTROL SYSTEMS

Reusable integrated redundant guldance, navigation, end control systems
capable of providing the complete mission guidance and control functions
from launch through landing must be developed. This entails development
in the areas discussed in the following paragraphs.

€£.8.1 Integrated Systems Analyses

System requirements and design criteria for all flight phases must be
prepared for use in tradeoff studies. Guidance equations to be used in
flight path-optimum options to provide a rapid and absolute convergence
of all conceivable combinations of system and misslon parsmeters must
be studied. The blending of aerodynsmic and reaction controls at the
entry interface must be studied. The requirements of manned and
eutomatic terminal landing systems must be studied in detaill. The
blending of manual and automatic control capabilities for all flight
phases must be studied.

6.6.2 Unitized Sensor Pointing System

Several instruments to sense the outside world for navigation and

control information are required. Precision alignment and alignment
stability between the navigational reference and its sensor are required.
The development of a concept in which the detection(andtransmitting

for active sensors) sensor subassemblies would be mounted on a common
mounting plate suspended by a single two-axis gimbal structure should

be undertaken. Thls combination of detecting subassemblies and two-axis
gimbal mounting constitutes the system. The principal problem to be
solved is that of marrying a single servo system to a variety of detection
schemes, each possessing its own acquisition strategy and track  transfer
functions.
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6.8.3 Inertial Reference Unit

Parallel evaluation of strapdown and gimbaled all-attitude inertial
reference units must be conducted.

6.6.4L Solid-State Hand Controller

A hand controller with solid-state switches rather than the multiple
cycle-limited relays must be evaluated.

6.8.5 Redundant CG&N Data Processor

A dedicated redundant CG&N data processor must be evaluated.

6.8.6 Structural Mode Alleviation Systems

The overall performance of an autopilot-controlled vehicle is dependent
on an accurate representative of the vehicle's elastic motion. The
output of the control systems sensors that are located at various points
along the vehicle will contaln both local rigid body and elastic informa-
tion to be fed to the control system. The flexibility effects become
important in the overall analysis of the flight characteristics. The
need exists to study the structural integrity of the various Space
Shuttle configurations with mode alleviation systems to bring to light
any structural problems that could affect the selection of the final
configuration.

A program is required to establish the mode alleviation system requirements,
if any, during the boost and recovery/reentry phase. Both mathematical
and analog studies are required.

Associated experience as part of the IMSC 1ndepeﬁdent development program
on the followlng subjects could be useful in the guldance, navigation, and
control study programs:

6-12

LOCKHEED MISSILES & SPACE COMPANY



ILMSC/A959837
Vol. II

e Dynamic and performance software (reentry and trajectory/performance
optimization)

Strapdown guidance error analysis

Autopnomous guidance for ascent and descent

Reusable spacecraft stabilization and control hardware

Control systems for reusable spacecraft

6.9 INTEGRATED ELECTRONIC SYSTEMS

Development programs for avionic subsystems must be keyed to an overall
integrated electronics development program. System decisions based on

an orderly development program are needed to establish guidelines for sub-
system designs. One critical decision is the degree of centralization

of computational functions.

System level decisions must be based on adequate test data. Simulation
testing is required to ensure compatibility of the individual subsystems.
Both ground and airborne simulations are required. Flight and trajectory
related forces and loads could be simulated by digital analog hybrid
computers. High torque and control element inertias could be mechanically
simulated. Actual pilot displays and controls would be used; however,
targets such as landing fields, the Space Station, and docking ports would
be simulated mechanically, electrically, or optically. The IMSC Space
Station simulator would provide an excellent facility for these tests.
Flight test simulation would be used to test functional operations for
which ground simulation of the flight environment would be too difficult
or not sufficiently representative.

The IMSC independent development program has funded two tasks that

could provide knowledge and capability applicable to the integrated
electronics development effort. The first is the development of a general-
purpose digital computer for application to advanced avionics systems.
Prototype hardware is belng fabricated for test in the IMSC simulation
laboratory.
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The second is a major program, started in 1968, to design and develop

a complete vehicle digital processing and computation system and to
demonstrate its capability in a hybrid computer laboratory with simulated
realtime inputs from vehicle sensors and a command link. The integrated
computer system, under the control of the operational progrem stored in
its memory bank, will perform process algorithms on sensed data. Outputs
are directed to a downlink, used for detection of malfunctions or
retained as source data for autonomous vehicle operations. The computer
employs its stored instructions to solve mathematical equations relating
to various navigation and control functions and either stores the
solutions for subsequent computations, multiplexes them on the downlink,
or outputs low-voltege commands suitable for control of vehicle operations.
Many conceptual designs have been evaluated. Detall designs have been
completed, and breadboards are being fabricated for use in simulated
realtime demonstrations in the hybrid computer laboratory.
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Section 7

BIOASTRONAUTICS

7.1 ECS/LSS TECHNOLOGY
Expansion or refinement of technology to meet the needs of the Space Shuttle
program is needed in the following areas:

® Radiator

© Noise control

o Chemical oxygen systems

® Waste management and personal hygiene

® Reusable ECS

9 Multimode ECS

® Sult loop eliminstion

® Equipment temperature control system design

T+l.l Radistor

Various coolants, such as MSC 198, ethylene glycol/wester mixtures, or plein
water, are used in the present active cooling systems. Water is the ideal
coolant because of its high specific heat capacity and incombustible nature.
During periods of minimum hest rejection and with the radiator exposed to
its coldest conditions, water or other coolants can freeze in the

rediator. This may be prevented by incorporating verious control techniques,
such as freon interchenge systems or zone freezing of selected radiator
panels. Other approaches should be investigated to determine the optimum
radiator configuretion for the Space Shuttle.

T«l.2 Noise Control

Present noise levels generated from ECS equipment, such as compressors and
pumps, are extremely high. Methods of reducing noise levels through equip-
ment improvements or additions of acoustical insulstion are highly desirable.

Tele3 Chemical Oxygen System

For short duration missions, the conventional spproach is to use lithium
hydroxide for 002 removal and oxygen stored cryogenically or as a high-
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pressure gas. Cryogenic storage of oxygen is not completely satisfactory
for the long hold times that might be encountered during prelaunch or
rendezvous and docking, and storing oxygen &s a high-pressure gas involves

a high weight penalty. The optimum system design would be e simple light-
weight O, supply and CO, removal system. Chemical systems have been investi-
gated for this purpose, with the bulk of these investigations directed towards
superoxide systems. Such systems entail low weight, volume, and power; and
they are highly storable. On the other hand, they have the disadvantage of
system imbalance (02 supply vs 002 removel) and, more important, the safety
hazard of an uncontrolled chemical reaction with wster, yielding large
amounts of heat and excessive oxygen. It has been demonstrated that a
lithium peroxide system used with the proper catalyst can be controlled to
give the proper 02/002 system balance without encountering the safety hazards
of the superoxide system. A lithium peroxide system would be lighter weight,
smaller, and more easily packaged and stored than the separate oxygen and
002 removal systems presented used. Such a system would be particularly
advantageous for long, inactive docking periods.

7.1.4 Waste Menagement and Personal Hygiene

Present methods of waste management involve considerable effort and extensive
handling. In addition, uncontained waste products have occasionally become
free within cebin areas. Hygiene facilities, such as washing, have been
limited to damp sponge or chemically trested napkins. It is suggested that
the entire concepts of waste management and personal hygiene be developed
for improved comfort and to be more appropriate for use in a vehicle that
will be used repeatedly over a 1lO-year period.

T«le5 Reusable ECS

The ECS/1SS will be subjected to repeated stresses from multiple launches
over & 10-year period. To dete, systems have been used for only single
missions. To maintain system reliability, it will be necessary to improve
present equipment operating capsebility or plan for replacement as necessary
to overcome effects of repeated stresses.
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7.1.6 Multimode Environmental Control System

Present space vehicle environmental control systems are not designed to
provide support for aircraft-type modes of operation, such as go-around on
landing and ferry flights. It is desirable to minimize vehicle turnaround
time and to provide the desired flexibility to develop a single system to
accommodate all modes of vehicle operation.

T-1.7 Elimination of Suit Loop

One specific requirement imposed on the vehicle environmental control sys-
tem is to provide operation with a shirtsleeve environment. It has been
suggested that this requirement will result in elimination of the suit loop.
The advisability of removal of the suits must, however, be weighed against
considerations of weight, power, and cost savings as well as thermal and
reliability aspects. In addition, an alternate means of providing the same
hazard protection to the personnel must be developed.

7.1.8 EBquipment Temperature Control System Design

Equipment components, some of which generate energy that must be rejected,
are maintained within required temperature limits by coupling to a coolant
loop or, in some cases, only to the structural frame. Batteries are an

example of components requiring precise control.

An analysis should be conducted to determine the components that require
active cooling and those whose temperature can be controlled passively.
This study should have an interface with the ECS design effort because the
fluid involved and the coolant flow rates impact the ECS.

A thermal control system will be designed for rejection of applicable heat
loads and duty cycles.
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T.2 CREW SYSTEMS TECHNOLOGY

The pacing technelogical problems in crew systems (human factors) and related
areas primarily concern questions of compatibility between the spacecraft and
aircraft features of equipment and operations. Flight crew operational and
equipment development for spacecraft have developed from those for aircraft;
but for the Space Shuttle, an integration of spacecraft and aircraft flight
crev considerations is necessary.

T.2.1 Vehicle Flying Qualities

Tradeoffs in vehicle and control system characteristics will necessitate com-
promise in handling qualities between orbital and atmospheric flight regimes.
Pilot and rotational axes placement dictated by configuration and flying quality
considerations for descent and landing pilotage will probably be incompatible
with optimum placements of the pilot, rotational centers, and docking ports for
orbital operations. Greatest impact is likely to fall upon docking pilotage,
but rendezvous and other orbital maneuvers will also be affected. Likely in-
creased cross-coupling effects between attitude control freedoms as compared
with current spacecraft can impact orbital maneuver fuel consumption, time re-
quired, pilot skill requirements, maneuver precision, and hazard. Another
likely problem is increased and more variable thrust misalignments in orbital

maneuvers.

Early man-in-the-loop flight simulation constitutes the only effective means

of identifying flying quality problems, suggesting solutions, and assuring that
solutions in one flight regime do not critically degrade another. Simulation
must provide evaluations and assurance of configuration and design features
with respect to flying qualities at the earliest point of their consideration
in order to provide a timely influence on the design process.

Bules of thumb derived from experience with ailrcraft and spacecraft have proven
to be useful in conceptual and early preliminary design phases for each type

of vehicle. However, a very high risk would be incurred in the use of such
rules to the same extent on a combined spacecraft/aircraft vehicle as approp-
riate to a spacecraft or aircraft separately. Analytical simulations in which
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2 trensier function mathematicel model is subsituted for man-in~the-locp have
teen notoriously unsuccessful in the past, and satisfactory wmodels are not
likely to become available within the next 10 years. I
Simulations for flying qualities will be required in rendezvous and docking,
orbital maneuver, atmospheric descent, and approach and landing Flight regines
and possibly in launch, ascent, and reentry regimes. The required perforuance
chieracteristics for simulations in each regime must be determined through anzly-
sis, and the appropriate simulation technique must be identified to satisfy the
requirements. Undoubtedly, several simulators will be required, since a single
“device to cover all flight regimz requirements is not within the current or
near-term state~of~the~art. In-flight simulators, in addition to conventional
ground simulator facilitles, must be considered for the approach and landing
flight regime. The simmlation of the cockpit display complement for both
avionics and control parameters in all cases must be adequate to evaluate the
effectiveness of transitions between sutomatic and menual flight control. Such
sizulators must be designed to accommodate later problem diagnosis exercises
during flight test and early crew training before training simulators are avail-

anle.

T.2.2 Visibility

Adequate visibility for vehicle flight control operations is essential even
where manual control is a backup mode. The problem breaks down into two parts:
first, to determine the required line-of-sight and field~-of-view for each
pilotage operation and to evaluate technlgues to make the required fieldw-of-
viewv available to the pilot; and, second, to determine the visibility require-
nents and availability within the provided fleld-of-view.

Pacing line~of-gight and field-of-view avallablilitles are for approach and
landing and for docking maneuvers. Although these requirements can be deter-
mined from analysis of the {light profile and vehlcle dynamlc response charac~
teristics in each flight regime, conventional viliewport visiblity to meet all
visibility needs may be difficult to achieve. Indirect visibllity must be ex-
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Plored as a complement or alternative to satisfy these requirements. Electro-
optical, fiber optics, and conventional relasy optics imaging systems must be
eveluated for use in early flight operations for which required direct viewing
cannot be readily provided. Each indirect viewing technique has drawbacks from
a vision standpoint, and none can approach the optimum balance of direct view=-
ing. However, for a limlited range of conditions, such as low light level, an
indirect system can be superior to a direct viewing system. Another approach
to solving line-of-sight and field~of-view incompatibilities between different
flight regimes is to provide separate work station locations for flight control
operations in different flight regimes. For instance, a station for vehicle
flight control during docking might be located near the docking capture point
to provide visual information for the docking operation.

Although line-of-sight and field-of-view requirements can be adequately deter-
mined from analytic and mockup techniques in preliminary design stages, visi-
bility requirements within the specified field of view cannot be deterrdined by
sirilar techniques within the current state-of-the-art. Only physical simula-
tion can provide adequate evaluations, although direct man-in-the-loop simula-
tions are not always required where photometric measurement can be adequately

related to visibility. Visibility within the required field of view is
determined by the characteristics of the viewing optics and imege relay system,

the susceptibility of the optics to interferences from ambient environmental
variation, illumination and oscuration of ocbjects of interest within the field

of view, and internal cebin lighting. 8Sun shefting through or causing veiling
scatter within viewport optics is a familiar problem in high-altitude and or-

bital operations, particularly docking. The techniques for docking must re-
sult in minimum window and approach angle constraints in order to provide for
naximim Space Shuttle operational flexibility. Artificial scene lighting for
dark side docking and other operations must be evaluated. The desirability
ol imaging sensor use, which is capable of penetrating the weather conditions
and presenting a visual scene analog to the pilot, rmust be considered with re-
gard to landing under category 3 visibility.
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All visibility conditions can be easily synthesized and evaluated. Howvever,
this test work must be initiated with preliminery design start in order to re-
ceive required tradeoff welghting against analytically determined considera-
tions. The incompatibility of visibility requirements between orbital and at-
mospherie operations dictate an earlier consideration than might be tolerable

in an aircraft or spacecraft separately.

7.2.3 Crew Safety and Escape

Ejection envelope constraints imposed by consideration of aircraft escape
techniques in certain flight regimes impose a constraint on flight crewv work
station and seating design not present in current Apollo spacecraft. Early
evaluation of this constraint on the work stations in orbital flight regimes
st be accomplished to prevent a degradation from earlier spacecraft in work
station effectiveness. This suggests a need for more complete and sophisticated
nockup evaluations during conceptuel and preliminary design than might other-

wise be required.

scape from orbit wlll require use of techniques completely foreizn to airers"s

ot =

owolocy end only in the study stage for spacecraft technology. However,
because backup reentry and descent capablllties will undoubtedly be considered,
provisions for crew access to these capabilities must receive the earliest
consideration in orbital life cell design. Escape from orbit as considered
nere does not only include backup reentry bodies but, also, nonnominal re-
entry and descent with the Space Shuttle in an abort from orbit.

7.2.4 Crew Organization

Because pilotage, communication, navigation, and flight engineering functions
have been divided among three or four flight crewmen in alrcraft operations
and because a two-man flight crew complement is a requirement for the Space
S8huttle, an early evaluation of alternative function allocations must be con-
ducted. Workload analyses for each flight regime should be conducted as a
function of the degree of automation in order to identify requirements for re-
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allocation of functions. In a recent aircraft design (Navy S-3A), these func-
ticns are allocated between only two crewmen. As this aireraft engages in
complex flight plans, its crew function allocation way be an appropriate point-
of-departure for allocating Space Shuttle crew functions during atmospheric
Plight.

T.2.5 Cockpit Displey Instrument Concept

The conbination of both spacecraft and aireraft flight information display re-
quirements precludes the traditional dedication of a unique instrument to each
displayed parameter. Some degree of integrated display will be required, and
the techniques for integrated display calls for use of new display combinations,
techniques, and formats. New requirements for display will also result from
the onboard checkout system. BEarly simulation will determine the most effec-
tive foriat for information transfer and thus establish the format requirements
for the display instruments and computer outputs. The effect of combination
and integration of avionics with navigation and control information can be
derionstrated and evaluated. Most importantly, forced display for alerting
vhile under automatic flight control and information display for transitioning
bpetween automatic and menual flight control modes can be developed to establish
equipment design requirements. Heads-up and heads~down visual image combina-

tion with integrated display symbology formats can be evaluated as an approach
and landing aid. Such an integrated display simulator, used in conjunction

with a simulator for establishing visibility within the field of view for
pilotage, can be used to evaluate instrument lighting and readability under
all flight conditions of cabin illumination.
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Section 8
TECHNOIOGY DEVELOPMENT

The technology requirements for the Space Shuttle have been identified

in the preceding sections, in which a brief description of each of these
technology elements was given. TFor some of the elements, more detailed
descriptions are given. Schedule and cost estimates are provided in the

following pages.

It is important to note that none of the programs presented in this volume
require technological breakthroughs. This means that all of the technology
efforts associated with the development of the Space Shuttle can be accom-
plished with the application of existing and demonstrated methods and tech-
niques or, as in some cases, by an extension of today's state-of-the-art

to that envisioned for 1972.

The schedules reflected in the following development summaries cover only
development to the point of proving the concept feasible. The heardware
development, which follows, is considered to be a cost of the Development
and Operations Phase.

Costs estimated for development in most cases are for all identified key
developments in their technology areas. Notable exceptions are aerodynamics
and eserothermodynemics. These recommended programs are only those considered
pacing to the program.

Programs are summarized in the succeeding pages by their technology areas.
Spans are shown by major tasks and for the overall development item. Costs
are reflected for the individual programs.
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